Malignant growth of small-cell lung carcinoma is promoted by various neuroendocrine autocrine/ paracrine loops. Therefore, to interfere with this mitogenic process, it is crucial to elucidate the mechanisms involved. It is known that the oxytocin (OT) and vasopressin (VP) genes, normally transcriptionally restricted in their expression, are activated in small-cell lung cancer (SCLC), concomitantly with expression of their receptors (OTR, V1aR, V1bR/V3R and V2R). The aim of the present study was to characterize, in concentrations close to physiological and pharmacological conditions, intracellular signalling events triggered by OT and VP binding to their specific receptors in SCLC cells and to identify factors mediating OT-and VP-induced mitogenic effects on SCLC. Known agonists for OTR ([Thr 4 ,Gly 7 ]OT) and V1aR (F180), in addition to OT and VP, were able to elicit increases in cytosolic Ca 2+ levels and this effect could be blocked using an OTR antagonist (OVTA) or a V1aR antagonist (SR49059) respectively. There was no activation of the cAMP pathway detected after VP, dDAVP (a V2R agonist), or OT treatment. Stimulation of SCLC cells with OT and VP led to an increase of extracellular signal-regulated kinase (ERK) 1/2 phosphorylation, maximal at 5 min, and the subsequent phosphorylation of its downstream target p90 ribosomal S6 kinase (p90 RSK ). Preincubation with OVTA and SR49059, and with inhibitors of phospholipase C (PLC), protein kinase C (PKC), mitogen-activated protein kinase/ERK kinase (MEK) 1/2 and a Ca 2+ chelator significantly reduced OT-and VP-induced ERK1/2 phosphorylations. OVTA, SR49059 as well as MEK1/2 and PKC inhibitors also downregulated OT-and VP-induced p90 RSK phosphorylation. In [ 3 H]thymidine-uptake experiments, we subsequently observed that PLC, Ca 2+ , PKC and ERK1/2 are absolutely required for the OT-and VP-stimulated SCLC cellular growth process. In conclusion, the results presented here indicate that OT-and VP-induced mitogenic effects on SCLC are respectively mediated by OTR and V1aR signalling and that this mitogenic signalling passes through the phosphorylation of ERK1/2 and p90 RSK in a PLC-, Ca 2+ -, PKC-and MEK1/2-dependent pathway.
Introduction
As a basic component of oncogenesis, neuroendocrine tumour cells usually develop very potent autocrine/ paracrine signalling pathways that play a crucial part in the dysregulation of cellular growth (Hanahan & Weinberg 2000 , Zochbauer-Muller et al. 2002 . Among such autocrine/paracrine loops, the neurohypophysial peptide system is implicated in the pathogenesis of an increasing number of cancers and particularly in small-cell lung carcinoma (SCLC) (North 2000 . Ligands of this system include the neurohypophysial hormones oxytocin (OT) and vasopressin (VP). There is only one known receptor for OT, OTR, and three main receptors for VP, V1aR, V1bR/V3R and V2R, by which respective hormones exert their physiological actions (Birnbaumer et al. 1992 , Kimura et al. 1992 , de Keyzer et al. 1994 , Sugimoto et al. 1994 , Jard 1998 . Tumour production, secretion of VP and its mitogenic action on SCLC cellular growth are well documented (Woll & Rozengurt 1989a , Sethi & Rozengurt 1991 , Friedmann et al. 1994 , North 2000 , Rozengurt 2002 . Moreover, it is now established that these tumours also express and secrete OT (North et al. 1993 , Pe´queux et al. 2002 . In SCLC, OT and VP have been shown to induce a dose-dependent (from 1 nM) and time-persistent increase of tumour cell proliferation. This mitogenic effect of OT was completely abolished by the OTR antagonist ðdðCH 2 Þ 1 5 , TyrðMeÞ 2 , Thr 4 , Orn 8 , Tyr 9 -NH 2 Þ-vasotocin (OVTA) which when used alone induces a reduction of SCLC cellular growth (Pe´queux et al. 2002) . However, the subsequent signalling pathways involved in this OT-related mitogenic effect have not been fully investigated.
The biological effects of neuropeptides result from the activation of complex intracellular networks rather than linear signalling cascades (Heasley 2001 , Rozengurt 2002 . The OTR, V1aR, V1bR/V3R and V2R all belong to the superfamily of G-protein-coupled receptors (GPCRs), which are structurally characterized by seven transmembrane domains. These GPCRs form constitutive homoand heterodimers, although no differences in pharmacological and signalling properties have been shown as a result of these interactions (Terrillon et al. 2003 , Devost & Zingg 2004 ). The OTR, as well as the V1aR and V1bR/V3R, mediate phosphatidylinositol hydrolysis and cytosolic Ca 2+ increase, whereas V2R is coupled to adenylate cyclase and the second messenger cAMP (Barberis et al. 1998) . In certain cell types expressing OTR or V1aR, OT and VP can induce phosphorylation and activation of mitogen-activated protein kinases (MAPKs; Ohmichi et al. 1995 , Chiu et al. 2002 , Zingg & Laporte 2003 . All known neurohypophysial peptide GPCRs are expressed in SCLC (Friedmann et al. 1994 , North et al. 1997 , North et al. 1998a , 1998b , Pe´queux et al. 2002 . Moreover, all these receptors have the ability to bind VP and/or OT with varying affinity. Thus both ligands are capable of initiating signalling cascades mediated by either receptor (Barberis et al. 1999) . Altogether, these data suggest that the neurohypophysial hormone system displays a high degree of complexity in the tumour modulation of SCLC cellular growth. Moreover, the oxytocinergic system (OT and OTR) is implicated in the growth modulation of various neoplastic cells where it may inhibit or stimulate cell proliferation. These discordant effects have the potential to be a consequence of the activation of different signal transduction pathways which result in increased cytosolic Ca 2+ or the formation of cAMP . Additionally, the activation of particular signalling intermediates by the OTR depends on its localization inside or outside caveolin-enriched domains resulting in a mitogenic or antimitogenic response to OT stimulation, respectively (Guzzi et al. 2002 , Rimoldi et al. 2003 .
These data emphasize the crucial part played by transduction signalling in mediation of neuropeptide effects. Therefore, in order to clarify the mechanisms leading to SCLC cellular growth dysregulation, we investigated the OT-and VP-induced mitogenic responses and the activation of signal transduction mediators in H345 and H146 SCLC cell lines. Specific agonists and antagonists of the OT and VP GPCRs were employed to further dissect ligand-mediated receptor activation involved in SCLC cellular growth. In order to extrapolate our in vitro findings to relevant physiological and pharmacological conditions, we adhered strictly to the concentrations of OT and VP that would be observed in vivo. The maintenance of this appropriate concentration is crucial for delineating the specificity of ligand binding (i.e. OT and VP) to their appropriate receptors. These results show that the OT-and VP-induced mitogenic effects on SCLC are mediated largely by the OTR and the V1aR, respectively, and that their activation leads to increases in cytosolic Ca 2+ , but not in production of cAMP. OT and VP stimulation also results in the increased phosphorylation of extracellular signal-regulated kinases (ERKs) 1 (p44 MAPK ) and 2 (p42 MAPK ) and of p90 ribosomal S6 kinases (p90 RSK s). These phosphorylations are mediated by phospholipase C (PLC)-, Ca 2+ -, protein kinase C (PKC)-and MAPK/ERK kinases (MEK1 and MEK2)-dependent pathways. 
Materials and methods

Reagents and cell culture
cAMP kinetics
Prior to cAMP analysis, H345 and H146 cells were cultured overnight in serum-free medium (RPMI 1640 + BSA 0.1% + ITS 1%) at a density of 1 Â 10 6 cells/ml under normal conditions. The cells were then treated for periods from 0 to 60 min at 378C with OT, VP or dDAVP (V2R agonist) in the presence of isobutylmethylxanthine (50 mM). Treatment with the adenylate cyclase activator forskolin was performed as a positive control. OT, VP and dDAVP were tested at concentrations of 1 nM, 10 nM, 100 nM and 1 mM and forskolin was used at 1 and 10 mM. After the appropriate time, the reactions were stopped by centrifugation (250 g, 48C, 5 min). Supernatants were discarded and the pellets were washed with DPBS (2 ml, 48C). After centrifugation, the cell pellets were lysed in 1 ml ethanol (95%)/HCl (0.01 M) at 48C, and then vortexed three times for 20 s. Samples were centrifuged (13 600 g, 48C, 15 min) and the supernatants (900 ml) were collected in 1.5 ml tubes, lyophilized and stored at À208C until assayed. The cAMP content was determined using a RIA kit (RPA 509; Biotrak, Amersham Biosciences).
Preparation of cell lysates and Western blot kinase phosphorylation analysis H345 and H146 cells in stock culture were washed in DPBS and seeded into 12-well plates in serum-free medium (RPMI 1640 + BSA 1%) at a density of 3 Â 10 6 cells/well, and cultured overnight. Cells were preincubated in RPMI 1640 alone (control) or containing U73122 (PLC inhibitor; 2.5 mM), BAPTA-AM (Ca 2+ chelator; 20 mM), GF109203X (PKC inhibitor; 20 mM) or U0126 (MEK1/2 inhibitor; 10 mM) for 45 min, or they were pre-incubated in RPMI 1640 containing OVTA (OTR antagonist; 0.5 nM) or SR49059 (V1aR antagonist; 10 nM) for 15 min. Then, cells were stimulated with OT or VP at a final concentration of 1 nM for the indicated period of time (basal control is unstimulated). Reactions were stopped by addition of ice-cold DPBS. Ice-cold DPBS and lysing buffer (20 mM HEPES, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1 mM dithiothreitol, 1 mM Na 3 VO 4 , 25 mM b-glycerophosphate, 1 mM NaF and 1 tablet/50 ml Complete TM ) were used to wash the cells twice and extract their protein. After centrifugation (18 000 g, 15 min, 48C) supernatants were isolated and aliquots were assayed for protein content using the Bradford protein assay (BioRad). Cell lysates were conserved at À208C until Western blot procedure.
Cellular proteins (20 mg) were separated by 10% SDS-PAGE and Western transferred on to polyvinylidene difluoride (PVDF; Immobilon TM -P; Millipore, Bedford, MA, USA) membranes. After activation in methanol (100%), blots were incubated for 1 h at room temperature, in TBS-T (20 mM Tris/HCl, 140 mM NaCl and 0.2% Tween 20, pH 7.6) containing 5% powdered skimmed milk (Gloria 1 ; Nestle´, Switzerland; TBS-T/milk). After washing, membranes were incubated overnight at 48C with the appropriate primary polyclonal antibody (see legends of Figs 3 and 4 for specific antibodies) at a concentration recommended by the manufacturer, in TBS-T containing 5% BSA. After washing, the membranes were incubated for 1 h at room temperature with the horseradish peroxidase-linked anti-rabbit IgG diluted in TBS-T/milk, washed again, and the immunocomplexes visualized by chemiluminescence reaction (ECL TM Western blotting Detection Reagents; Amersham Biosciences). For signal quantification, membranes were densitometrically scanned (Gs-700; BioRad) and analyzed with Quantity One 4.2.1 software (BioRad). Quantification of phosphorylated protein forms was carried out by expressing their intensity relatively to the intensity generated by b-actin or ERK1/2 immunoblotting and as a ratio of basal activation.
Cell proliferation
Cellular growth and toxicity were evaluated for the same experiment by respective measurement of [ 3 H]thymidine incorporation into DNA and of lactate dehydrogenase (LDH) release in culture supernatants using a standard chemical procedure (Roche). H345 and H146 cells in stock culture were washed in DPBS and replated in T culture flasks (25 cm 2 ; VWR, Belgium) in RPMI 1640 added with 5% charcoal-treated fetal calf serum (charcoal treatment discards small molecules and proteins such as OT and VP) at an initial density of 1 Â 10 5 cells/ml and cultured overnight. Then, RPMI 1640 (basal control), OT or VP were added in culture medium at final concentration of 1 nM. After 72 h of culture with hormone or solvent, U73122, BAPTA-AM, GF109203X, U0126 or DMSO (1/2000) diluted in RPMI 1640 (control) were added to culture medium at final concentrations ranging from 2.5 to 10 mM. After 30 min and 1, 2, 4, 24, 48 and 72 h of culture with these inhibitors or solvent, 1 ml cell suspension was taken and distributed in triplicate on 96-well plates (200 ml/well) for [ 3 H]thymidine incorporation. The remaining cell-suspension fraction was centrifuged (250 g, 208C, 10 min), and 200 ml supernatant was mixed with Complete TM protease-inhibitor cocktail and 50% glycerol (v/v) and stored at -208C till LDH assay.
LDH baseline and positive control were respectively LDH measures in culture medium or when 1 ml cell suspension was lysed with RPMI 1640 with 2% Triton X-100. On 96-well plates, [
3 H]thymidine (25 ml, 11.5 mCi/ml) was added and plates were incubated for 4 h in a humidified atmosphere of 5% CO 2 and 95% air at 378C. Cellular DNA was harvested from the cells using a Titertek cell harvester (Flow Laboratories, McLean, VA, USA). One-minute sample counts were obtained in a Beckman liquid scintillation counter (Beckman, Fullerton, CA, USA). (Fig. 1) . Depending on their concentrations, OT and VP can bind each of the neurohypophysial peptide GPCRs (see Table 1 ). To identify which receptor(s) mediate the OT-or VP-induced increase in cytosolic Ca 2+ , cells were exposed to OTR antagonist (OVTA) or V1aR antagonist (SR49059) at concentrations (0.5 and 10 nM respectively) that selectively block those receptors (see Table 1 ). Cell preincubation with antagonists was followed by stimulation ]OT at 5 nM were still able to elicit increases in the cytosolic Ca 2+ levels. Pre-incubation with OVTA was able to block the OT-induced but not the VPinduced increase in cytosolic Ca 2+ (Fig. 1) .
Statistical analyses
cAMP kinetics
To discern whether adenylate cyclase-mediated signal transduction, generally associated with the V2R response, could be initiated in SCLC cells after stimulation with OT or VP, measurements of intracellular cAMP kinetics were performed on H345 and H146 cells. When the cells were incubated with VP, OT or the V2R agonist dDAVP, each at 1 nM, there was no increase observed in the intracellular cAMP levels, even after 60 min exposure ( 
OT-and VP-induced ERK1/2 phosphorylations and pathway
MAPKs, and particularly ERK1/2, two highly conserved serine/threonine kinases activated via protein phosphorylation cascades, have been shown to be associated in proliferation processes of various cell types (Johnson & Lapadat 2002) . Moreover, phosphorylation of ERK1/2 is implicated in the growth of cells transfected with the OTR (Rimoldi et al. 2003) or the V1aR (Thibonnier et al. 2000) . Therefore, SCLC H345 and H146 cells were treated with either OT or VP at 1 nM and cell lysates were analysed for ERK1/2 phosphorylation. After 5 min treatment, OT and VP induced comparable increases of ERK1/2 phosphorylation in both cell lines. There was a 3-fold ðn ¼ 16Þ and a 2.5-fold ðn ¼ 22Þ average OT-or VP-induced increase in ERK1/2 phosphorylation measured in H345 and H146 cells respectively, compared to the baseline levels of phospho-ERK1/2, and these increases started to decline after 15 min (Fig. 3A) . Indeed, it must be noted that an ERK1/2 basal level of activation was usually observed in both SCLC cell lines (Fig. 3) . Knowing that these cells secrete endogenous OT and VP (Pe´queux et al. 2002) , the effect of antagonists of these neuropeptides was evaluated Proteins were extracted and separated by 10% SDS-PAGE and Western blot analysis was performed using a polyclonal antiphospho-ERK1/2 antibody. Cells were incubated (þ) or not (À) with OT (1 nM) or VP (1 nM) for 3, 5 and 15 min. A polyclonal anti-ERK1/2 antibody was used to normalize loading (A). Cells were pre-incubated (þ) with OTR antagonist OVTA (0.5 nM) (B), V1aR antagonist SR49059 (10 nM) (C), or with solvent (À) for 15 min. Cells were pre-incubated (þ) with PLC inhibitor U73122 (2.5 mM) (D), Ca 2+ chelator BAPTA-AM (20 mM) (E), PKC inhibitor GF109203X (20 mM) (F), MEK1/2 inhibitor U0126 (10 mM) (G), or with solvent (À) for 45 min. Then, after these pre-incubations, cells were stimulated (þ) or not (À) with OT (1 nM) or VP (1 nM) for 5 min. A polyclonal anti-b-actin antibody was used to normalize loading. Western blots shown are representative of at least three independent experiments, each performed on H345 and H146 cells. -885 www.endocrinology-journals.org on the ERK1/2 basal level of phosphorylation. In both SCLC cell lines studied, the OTR antagonist OVTA and the V1aR antagonist SR49059, used at selective concentrations of 0.5 and 10 nM respectively, reduced the basal level of phosphorylated ERK1/2 (Table 2, Fig. 3B and C) . These antagonists were also used to check the specificity of ERK1/2 phosphorylation increases induced by exogenous OT and VP. In H345 and H146 cells, treatment with the OTR antagonist OVTA prevented OT-induced ERK1/2 phosphorylation, while it presented a minor effect on the VP-induced ERK1/2 phosphorylation (Table  3 , Fig. 3B) . Similarly, the effect of the V1aR antagonist SR49059 prevented VP-induced ERK1/2 phosphorylation, while its effect on the OT-induced ERK1/2 phosphorylation remained weaker (Table 3 , Fig. 3C ).
Endocrine-Related
In order to identify the upstream mediators involved in the observed ERK1/2 phosphorylations, specific pharmacological inhibitors of signal transduction were examined for their effect on OT-and VP-induced ERK1/2 phosphorylation (Fig. 3, Table 3 ). OT and VP increase cytosolic Ca 2+ , and this pathway is activated when OTR or V1aR are coupled to Gaq/11; thus contributions of PLC and Ca 2+ to the mediation of ERK1/2 phosphorylation were examined. Pre-incubation of H345 and H146 cells with the PLC inhibitor U73122 (2.5 mM; Fig. 3D) and the Ca 2+ chelator BAPTA-AM (20 mM; Fig. 3E ) reduced OT-and VP-induced ERK1/2 phosphorylation in a similar manner in both cell lines (Table 3) . OT-and VPinduced ERK 1/2 phosphorylation was downregulated by the PKC inhibitor GF109203X (20 mM) similarly in both SCLC cells (Table 3 , Fig. 3F ). Moreover, these phosphorylations were almost completely blocked by the MEK1/2 inhibitor U0126 (10 mM), confirming their specificity (Table 3 , Fig. 3G ).
OT-and VP-induced p90 RSK phosphorylation
A downstream target of ERK1/2 implicated in cell proliferation is the serine/threonine kinase p90 RSK (Frodin & Gammeltoft 1999). Incubation of SCLC H345 and H146 cells with OT or VP (1 nM) induced an increase of p90 RSK phosphorylation (Fig. 4 ). Compared to the basal level of p90 RSK phosphorylation observed in these cells, a 1.7-fold ðn ¼ 15Þ and a 2.5-fold ðn ¼ 13Þ average p90 RSK phosphorylation increase was observed after 5 min treatment with OT and VP respectively in H345 cells. Similarly in H146 cells, a 2-fold ðn ¼ 6Þ and a 3-fold ðn ¼ 6Þ average p90 RSK phosphorylation increase was observed after 5 min treatment with OT and VP respectively. Next, OVTA and SR49059 were used to examine Fig. 4A and B) . Incubation of H345 and H146 with the OTR antagonist OVTA reduced the stimulatory effect of exogenous OT on p90 RSK phosphorylation, and to a lesser extent the effect of the exogenous VP on p90 RSK phosphorylation (Table 3 , Fig. 4A ). Similarly, treatment with the V1aR antagonist SR49059 resulted in a decrease in VP-induced p90 RSK phosphorylation, while its inhibition of OT-induced p90 RSK phosphorylation was weaker (Table 3 , Fig. 4B ). Moreover, the p90 RSK level of phosphorylation, resulting from the action of OVTA and SR49059 on OT-and VP-induced p90 RSK phosphorylation respectively, was under the basal level of p90 RSK phosphorylation observed in these SCLC cells (Fig. 4A  and B) .
PKC inhibitor GF109203X (20 mM; Fig. 4C ) and MEK1/2 inhibitor U0126 (10 mM; Fig. 4D ) downregulated OT-and VP-induced p90 RSK phosphorylation in both SCLC cell lines (Table 3 ). GF109203X and U0126 resulted in an acute decrease in VP-induced p90 RSK phosphorylation compared to the OT-induced p90 RSK phosphorylation.
Inhibition of OT-and VP-induced mitogenic effect by acting on the OT-and VP-signalling pathway
In order to define the signalling pathways contributing to the OT-and VP-induced mitogenic action on SCLC cellular growth, inhibitors described above were employed to determine their effects on H345 and H146 [ 3 H]thymidine incorporation experiments as a measure of proliferation (Fig. 5) . We have demonstrated previously that OT and VP induce a significant increase in H345 cell proliferation (Pe´queux et al. 2002) . Both SCLC cell lines were therefore stimulated for 72 h with OT (1 nM) or VP (1 nM) prior to inhibitor addition. Compared to unstimulated cells, OT and VP treatments led to increases in H345 cellular growth of 20 and 35% respectively ðP < 0:001Þ, a range similar to that already described (Pe´queux et al. 2002) . These neuropeptides induced an increase in H146 cell proliferation as well. Indeed, H146 cellular growth was 15 and 20% higher after OT and VP stimulation respectively ðP < 0:001 compared with unstimulated cells; Fig. 5A ). After 30 min inhibitor treatment, the OT-and VP-stimulated proliferation of H345 and H146 cells was significantly reduced by PLC inhibitor U73122 (2.5 mM), Ca 2+ chelator BAPTA-AM (10 mM), PKC inhibitor GF109203X (10 mM) and MEK1/2 inhibitor U0126 (10 mM) (Fig. 5A ). This effect persisted through 4 h of exposure to the inhibitors (time, 76 h; y P < 0:05, Ã P < 0:001); U73122, BAPTA-AM, GF109203X or U0126 against solvent under OT-or VP-stimulated conditions. (B) LDH measurements in supernatants of H345 and H146 cells during OT-and VPstimulated proliferation experiments. LDH was measured in culture medium as negative control (À; left-hand bar) and in supernatants of cells stimulated with OT or VP (1 nM) for 72 h, then added to U73122 (2.5 mM), BAPTA-AM (10 mM), GF109203X (10 mM), U0126 (10 mM) or solvent (À, black bars) for 30 min. Positive control (þ) is LDH level obtained in supernatants when all H345 or H146 cells are lysed. Data are expressed as LDH (ng/ml), means AE S.D., n ¼ 3. (C). Proliferation of OT-stimulated H345 and H146 cells in the presence of U73122 (2.5 mM,^), BAPTA-AM (10 mM, !), GF109203X (10 mM, *), U0126 (10 mM,~) or solvent (&) was estimated by [ incubation in the Ca 2+ chelator (time, 96 h), both cell lines reinitiated proliferation. PKC inhibitor GF109203X reduced the H345 and H146 cell proliferation rate to about 15 and 40% of the basal rate respectively, and both cell lines remained under 40% of the basal level throughout the exposure. In both cell lines the MEK1/2 inhibitor significantly prevented cellular proliferation and thus induced quiescence. This indicates that ERK1/2 is required in the H345 and H146 cell proliferation process.
During OT-and VP-stimulated proliferation assays, LDH measurements in supernatants of H345 and H146 cells remained at negative control level (9.5 AE 0.8 ng/ml, n ¼ 3) from 30 min to 72 h of exposure with various inhibitors (Fig. 5B and results not shown) . LDH values obtained from H345 and H146 cell lysates were 56.1 AE 1.4 ng/ml ðn ¼ 3Þ and 65.2 AE 1.5 ng/ml ðn ¼ 3Þ respectively. Altogether, these results demonstrate that signalling inhibitors, used in proliferation assays, do not induce cell lysis and therefore growth inhibitions are not a consequence of toxicity. In addition, the absence of toxicity was confirmed by re-establishment of cell growth after treatment (Fig. 5C ). Proliferation curves obtained for H345 and H146 cells under VP-stimulated conditions (results not shown) were comparable to those obtained under OT-stimulated conditions (Fig. 5C ).
Discussion
Neurohypophysial peptides are involved in potent autocrine/paracrine signalling loops which are essential for cellular growth processes developed by SCLC tumours during oncogenesis (North 2000 , Pe´queux et al. 2002 , Rozengurt 2002 . The fact that all neurohypophysial peptide GPCRs are expressed by SCLC cells suggest that OT-and VP-initiated signalling is part of a complex array of interactions culminating in the development of these tumours (North et al. 1998b , Pe´queux et al. 2002 . Therefore, understanding the mechanistic action of such hormones and their respective receptors in SCLC cellular growth is essential for the development of new and specific therapeutics.
To define the signalling pathways leading to OT-and VP-induced mitogenic effects on SCLC, the two major signal transduction mechanisms proposed to be associated with the neurohypophysial peptide GPCRs (Barberis et al. 1998) were examined: (1) the inositol-mediated pathway (which is generally associated with OTR, V1aR or V1bR/ V3R activation) leading to increases in cytosolic Ca 2+ and (2) the adenylate cyclase-mediated pathway (which is principally associated with V2R activation) leading to increases in cAMP, and which has also been shown to be activated by OT (Cassoni et al. 1997 (Cassoni et al. , 1998 (Woll & Rozengurt 1989b , Hong & Moody 1991 , Bunn et al. 1994 , North et al. 1997 ), but we further examined the effects of VP at the physiological range of 1 nM and established that the Ca 2+ signal induced at this concentration is largely mediated by the V1aR. Indeed, the V1aR antagonist SR49059 (10 nM) almost completely inhibits the Ca 2+ signal, whereas OVTA (OTR antagonist) has no measurable effect. For the experimental conditions used here, we were not able to demonstrate any detectable increase in cAMP, in two different SCLC cell lines, in response to VP, dDAVP (V2R agonist) or OT over a wide range of concentrations (1 nM-1 mM). These data suggest that the action of VP at V2R in H345 and H146 cells does not normally produce an activation of the adenylate cyclase cascade. This may be a result of the expression of an abnormally truncated V2R form by these cells, which may block V2R function (North et al. 1998a,b) . The lack of an OT-dependent cAMP pathway, the presence of an OT-activated Ca OT-and VP-stimulated H345 and H146 SCLC cellular growth process. Indeed, arrest of cellular growth was not due to toxicity, but rather to blocking of mitogenic transduction cascades. The VP-induced phospho-ERK1/2 activation we observed in H345 SCLC cells corroborates findings of Seufferlein & Rozengurt (1996) . However, the VP dose they used was 100 nM. Thus, the 1 nM concentration used in this study was chosen to dissect specific contributions from each neurohypophysial peptide and to further analyze the upstream pathway leading to the phosphorylation of ERK1/2, as well as its downstream target p90 RSK . We demonstrated that in H345 and H146 SCLC cells OT-and VP-induced phospho-ERK1/2 activation was transient and PLC-, Ca 2+ -and PKC-dependent.
These results are in agreement with the VP-mediated mitogenic signalling studied in rat intestinal epithelial cells (Chiu et al. 2002) (Ohmichi et al. 1995 , Strakova et al. 1998 ). In addition, Rimoldi et al. (2003) showed that an OT-induced mitogenic effect, related to OTR located in caveolin-enriched microdomains, was indeed mediated through transient activation, whereas an OT-induced anti-proliferative effect was associated with sustained ERK1/2 phosphorylation. The PLC inhibitor U73122 was shown to prevent the growth of OTR-transfected HEK293 cells; however, it did not inhibit the growth of HEK-293 cells that expressed an OTR-caveolin 2 construct, which had the effect of localizing the OTR to caveolin-enriched microdomains (Rimoldi et al. 2003) . In H345 and H146 SCLC cells, we observed that PLC inhibitor U73122 abolished phospho-ERK1/2 activation and cellular growth, which indicates that H345 and H146 cellular growth is dependent on PLC-mediated signalling and that OTR may not be associated with caveolinenriched surface invaginations of these cells. Combine this with the facts that OT induced cytosolic Ca 2+ increase and that Ca 2+ is absolutely required for OT-stimulated SCLC proliferation, the PLC-dependent OT-induced cellular growth pathway demonstrated in this study supports the coupling of OTR to Gaq/11, when Gai mediates the PLC-dependent inhibitory response of OT in OTR-transfected HEK-293 cells (Rimoldi et al. 2003) . The downstream ERK1/2 target p90 RSK is involved in the regulation of gene expression and protein synthesis, as well as in the cell-cycle progression through regulation of various components of the cell-cycle machinery (Frodin & Gammeltoft 1999 , Willard & Crouch 2001 . We observed that inhibitors of PKC and MEK1/2 abolished the OTand VP-induced p90 RSK phosphorylation and inhibited H345 and H146 SCLC cellular growth. Similarly, the inhibition of p90 RSK was shown to abolish growth stimulation of multicellular prostate tumour spheroids (Sauer et al. 2001) . Inhibition of PKC also exhibits antitumour activity in various cancer types, in studies in vitro and in clinical trials (Mackay & Twelves 2003) . Thus our observations are in support of factors involved in cellular growth and differentiation transduction signalling representing potential targets for anticancer therapy.
In conclusion, we demonstrate that, under pharmacological and physiological levels, OT-and VP-induced mitogenic effects on SCLC pass through the specific and respective binding of OTR and V1aR and culminate in the activation of ERK1/2 and p90 RSK phosphorylation through PLC-, Ca 2+ -, PKC-and MEK1/2-dependent pathways (Fig. 6) . Moreover, we demonstrate that growth of OT-and VP-stimulated SCLC could be downregulated by signalling inhibitors and was not a consequence of toxicity. Thus the results identify pathways activated by OT-and VP-mitogenic action on SCLC and show that blocking of their receptor signalling represents viable pharmacological targets for the treatment of neuroendocrine tumours expressing autocrine/paracrine neurohypophysial system loops, such as SCLC. 
